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Time-resolved photoelectron spectroscopy to probe
ultrafast charge transfer and electron dynamics in solid
surface systems and at metal-molecule interfaces
Abstract
Photoelectron spectroscopy (PES) is a versatile tool, which provides insight into electronic
structure and dynamics in condensed matter, surfaces, interfaces and molecules. The history of
PES is briefly outlined and illustrated by current developments in the field of time-resolved
PES. Our group's research is mostly aimed at studying ultrafast processes and associated
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Abstract: Photoelectron spectroscopy (PES) is a versatile tool, which provides insight into electronic structure 
and dynamics in condensed matter, surfaces, interfaces and molecules. The history of PES is briefly outlined and 
illustrated by current developments in the field of time-resolved PES. Our group’s research is mostly aimed at 
studying ultrafast processes and associated lifetimes related to electronic excitation at solid surfaces.
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Introduction
Electronic processes at surfaces such as 
charge transfer are of highest importance 
in many chemical reactions, in heteroge-
neous catalysis, or in photovoltaic devices. 
Conventional photoelectron spectroscopy 
(PES)[1] has been the key tool to investi-
gate the electronic structure of solid matter 
as well as single molecules and atoms for 
nearly half a century. The advent of femto-
second lasers in the 1990s paved the way 
for time-resolved experiments to probe 
electron dynamics as well as the motion of 
nuclei. We want to provide a short intro-
duction to photoelectron spectroscopy and 
briefly discuss some recent studies of fun-
damental processes at surfaces by means 
of time-resolved PES. Furthermore we 
give an outlook on potential new experi-
ments within the framework of the NCCR 
MUST.
Brief History of Photoelectron 
Spectroscopy
The photoelectric effect, which was first 
described by Hertz[2] in 1887 and then ratio-
nalized by Einstein[3] invoking the quantum 
nature of light, constitutes the underlying 
mechanism of photoelectron spectroscopy. 
Einstein stated that the energy of the emitted 
electron would be given by
E
kin
 = hn – f (1)
with hn being the energy of the absorbed 
photon and f the work function, i.e. the 
minimum energy required to remove one 
electron from a solid into vacuum. It took 
yet another half a century of significant 
theoretical and technical breakthroughs 
until the photoelectric effect could be used 
as a spectroscopic tool. X-ray photoelec-
tron spectroscopy (XPS) was developed in 
the 1950s and Siegbahn and coworkers[4,5] 
were the first to produce high-resolution 
XPS spectra showing the core levels of the 
elements under investigation. Incorporat-
ing the binding energy, E
B
, in Eqn. (1) di-
rectly shows how the core level positions 
can be calculated from the kinetic energy 
of the detected electrons:
E
kin
 = hn – f – E
B
 (2)
Siegbahn also noticed that his method 
is sensitive to the chemical environment 
of the ionized atom resulting in shifts of 
the measured binding energies, and he 
henceforth referred to it as electron spec-
troscopy for chemical analysis (ESCA). At 
the same time Spicer and coworkers started 
measuring the band gaps and electron af-
finities in semiconductors using ultraviolet 
photoelectron spectroscopy (UPS).[6] The 
short inelastic mean free path of electrons 
at typical XPS energies (0.1–1.5 keV) in-
side matter of ~1 nm makes photoelectron 
spectroscopy a highly surface-sensitive 
method. At typical EUV energies (20–100 
eV), the mean free path can be as short as 
one or two atomic distances.[7] A general 
energy scheme of a metal surface and dif-
ferent photoelectron emission processes is 
depicted in Fig. 1.
While conventional PES can only probe 
occupied levels, information about unoc-
cupied levels is highly desirable for many 
reasons. Hot, photoexcited electrons play 
a vital role in a variety of processes at sur-
faces and interfaces such as chemical reac-
tions and electron transport.[8] One meth-
od to probe unoccupied levels is inverse 
photoemission spectroscopy (IPES).[9] 
Electrons from a collimated beam with 
well-defined energy hit the surface and 
couple with high-lying unoccupied elec-
tronic states. Some of the subsequent de-
cays to lower-lying unoccupied states are 
radiative and the emitted photons can be 
detected to generate an energy spectrum. 
PES and IPES are complementary tech-
niques in the sense that PES probes states 
below the Fermi level (E
F
), whereas IPES 
can access unoccupied states above E
F
. 
While PES delivers an electron removal 
spectrum, one can collect an electron ad-
dition spectrum with IPES.
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studied in the following years include ob-
servation of the magnetic exchange split-
ting in nickel,[24] step-induced surface 
states on Cu(332),[25] the influence of CO 
adsorption on Shockley type surface states 
on Cu(111)[26] or electron coherence in a 
melting Pb monolayer on Cu(111).[27] In 
addition to band mapping, the same ap-
paratus can be used for photoelectron 
diffraction experiments in order to char-
acterize the structure of the surface and 
adsorbate geometries. The absorption of 
oxygen on Rh(111) was studied by X-ray 
photoelectron diffraction (XPD)[28] and the 
formation of subsurface oxygen could be 
directly observed.[29] Utilizing the same 
approach, the absolute orientation of chi-
ral molecules can be determined as it was 
shown for heptahelicene, C
30
H
18
, on copper 
surfaces[30] and tartaric acid on Cu(110).[31] 
The group also established and operates 
the COPHEE (complete photoemission 
experiment) endstation at the Swiss Light 
Source (SLS)[32] for spin-resolved ARPES 
experiments, which was recently used to 
map the band structure of topological insu-
lators.[33–35] In the following, recent activi-
ties involving femtosecond laser pulses are 
discussed in more detail.
Time-resolved 2PPE Studies of 
Surface and Interface States
Hexagonal boron nitride (h-BN) mono-
layers on a Ni(111) surface[36] constitute an 
ideal model system to study electron trans-
port at metal-insulator junctions. Whereas 
the occupied p and s bands are well under-
stood, much less is known about the unoc-
cupied electronic states. Fig. 2(a) depicts 
the energy level scheme of the unoccupied 
states together with the free electron final 
states (A, B, C) that were observed as fea-
tures in the mono- and bichromatic 2PPE 
spectra given in Fig 2(b).[37] The energetic 
position 0.65 eV below E
vac
 makes peak A 
likely to be an image potential state. In a 
pump-probe experiment, only the intensity 
of peak C was dependent on the delay be-
tween the red and blue laser pulses. More 
interestingly, the lifetimes obtained from 
the pump-probe (cross correlation) mea-
surements of peak C vary with the laser 
wavelength as shown in Fig. 2(c). As indi-
cated, positive delays suggest a red pump 
and blue probe pulse, negative delays the 
opposite. It can therefore be concluded 
that two different excitation schemes via 
different intermediate states lead to the 
same final state that is responsible for the 
composite peak C. The energetic position 
of the intermediate state in the blue pump-
red probe process coincides with the posi-
tion of the intermediate state of peak A and 
we can safely assign it to an image poten-
tial state, which is also in good agreement 
Time-resolved Photoelectron 
Spectroscopy
Besides the energetics of unoccu-
pied levels the temporal evolution of hot 
electron distributions is of most inter-
est. Whereas upper limits of charge car-
rier relaxation times in metals can be es-
timated from the analysis of the linewidth 
of spectra obtained by conventional PES 
and related techniques, two-photon photo-
emission (2PPE) allows the dynamics of 
excited electrons to be studied directly in 
the time domain.[10] The energy range of 
accessible unoccupied states between E
F
 
and E
vac
 is limited since the photon energy 
of both pump- and probe-pulses needs to 
be lower than f to avoid direct photoemis-
sion. 
Studying the dynamics of hot elec-
trons at metal surfaces was one of the pri-
mary motivations for 2PPE experiments 
since excitation of adsorbed molecules 
by charge transfer appears to be one of 
the predominant mechanisms in surface 
 photochemistry.[11] The first surface that 
was extensively studied by 2PPE was 
Cu(100).[12,13] Knoesel et al. determined 
relaxation times to vary from 250 fs at 0.1 
eV above E
F
 and 20 fs at 2 eV as well as 
different lifetimes for excitation of sp- and 
d-band electrons.[14]
Another interesting feature to be stud-
ied by 2PPE are image potential states, 
which were first predicted in 1978 and 
which are well described by theory.[15] 
They arise from an electron being trapped 
in front of the surface in the potential well 
generated by its own attractive image force 
and the band gap. They form Rydberg-like 
series of states with a main quantum num-
ber n and l = 0. Lifetimes around 30 fs were 
measured on Cu(100) for the n = 1 state[16] 
and it can be deduced from theory that the 
lifetime will scale with n3. Höfer et al. man-
aged to prepare image potential states with 
n = 4…6 and measured lifetimes between 
0.63 and 2.0 ps respectively. For coherent 
excitation of several states centered around 
ñ = 7 they observed quantum beating with 
a period of 800 fs resulting from the elec-
tron wave packet oscillating in front of the 
surface.[17]
More recently the availability of well-
characterized ultra-short attosecond (1 as = 
10–18 s) laser pulses opened the door to time-re-
solved experiments of bound electrons.[18,19] 
Photoemission is usually described as a 
three-step process: excitation, transport 
and escape of the photoelectron through 
the surface.[20] In a proof-of-principle ex-
periment, Cavalieri et al. delivered the 
first direct as-time-resolved measurement 
of electron transport in solid matter.[21] 
A ~300 as XUV pulse was focused on a 
W(110) surface and the emitted photoelec-
trons were streaked in the phase-matched 
co-propagating NIR field. They were able 
to determine a relative delay in the emis-
sion of electrons from the conduction band 
and the 4f core level of ~100 as and gave 
an estimate of the absolute delay between 
initial excitation and escape through the 
surface of ~60 and ~150 as, respectively. In 
2010 the same group reported a time delay 
of 21 ± 5 as in the photoemission of elec-
trons liberated from the 2p orbitals in neon 
with respect to those released from the 2s 
orbital.[22] To our knowledge, this is cur-
rently the shortest timescale ever measured 
in an optical spectroscopy experiment.
Surface Physics at the University of 
Zurich
Our group’s activities started in the 
mid-1990s with the construction of an 
electron-spectrometer for angle-resolved 
photoemission (ARPES) experiments in 
the XPS and UPS regime.[23] A monochro-
matized high-flux He discharge lamp in 
combination with a 2p solid angle sample 
goniometer allows thermally populated 
valence states up to 5k
B
T above the Fermi 
level to be mapped. Systems that were 
+
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Fig. 1. Core and 
valence levels at 
a metal surface 
that can be probed 
by photoelectron 
spectroscopy. One 
X-ray photon (hn1) 
causes emission 
of a core electron. 
Two UV-VIS photons 
(hn2 and hn3) cause 
emission of a valence 
band electron via an 
intermediate state 
above the Fermi level.
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upper bound on the order of only a few fem-
toseconds. In addition to monochromaticity, 
diamondoids also provide a potential source 
of ultra-short electron pulses.
Summary and Outlook
A brief summary of photoelectron spec-
troscopy was provided and illustrated by sev-
eral seminal contributions from other groups 
in the field as well as by examples from our 
own research. We hope we could provide 
with the measured long lifetime of 261 fs. 
Likewise the intermediate states of peak B 
and the red pump-blue probe process of C 
coincide and its energetic position 1.51 eV 
above E
F
 identifies it as an interface state 
with a surprisingly long lifetime of 107 fs. 
To further illustrate the depth of infor-
mation that can be gained form multipho-
ton experiments, normal emission 2PPE 
(hn = 3.08 eV) spectra from Cu(111) are 
given in Fig. 3.[38] A maximum intensity 
at laser polarization angles of 0° and 180° 
(p-polarized) is indicative of a transition 
dipole moment normal to the surface. This 
is typical for a transition out of a Shockley 
surface state, since its main orbital charac-
ter is p
z
,where z points out of the surface 
plane.
Ultrafast Electron Transfer at the 
Diamondoid-SAM/Ag(111) Interface
Diamondoid molecules are promising 
candidates for a large variety of applications 
where functionalized building blocks with 
nanometer dimensions are required.[39] Both 
hydrogen-terminated bulk diamond and 
nano-structured diamond grown by chemi-
cal vapor deposition exhibit negative elec-
tron affinity (NEA).[40] It has recently been 
demonstrated by means of a PES experiment 
that self-assembled monolayers (SAM) of 
[121]tetramantane-6-thiol on Ag(111) and 
Au(111) show similar NEA behavior.[41] 
Yang et al. detected a sharp peak at the low-
kinetic energy threshold of the emission 
spectrum, containing up to 68% of the total 
spectral weight. They also noticed the po-
tential application of diamondoids as highly 
monochromatic electron emitters, which 
motivated us to investigate the emission pro-
cess in more detail. In a 2PPE experiment, a 
sharp peak (FWHM 0.15 eV) at the low-en-
ergy cut-off with a spectral weight of about 
80% was observed.[42] It is assumed that 
highly excited electrons are transferred from 
the metal to the molecule and accumulate in 
the LUMO. The electrons are then emitted 
from the LUMO, which is located above the 
vacuum level as shown in Fig. 4. From our 
measurements, electron affinities of –0.21 
eV for the Ag and –0.57 eV for the Au sub-
strate could be derived. Attempts to clock 
the emission process by means of pump-
probe experiments and electron streaking 
were unsuccessful but we can provide an 
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Fig. 2. (a) Energy level diagram deduced from experimental results. States observed in the 2PPE spectra are marked with horizontal lines. 
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Adapted from ref. [37].
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a good overview of the potential power of 
PES, and in particular its time-resolved vari-
ant to study ultrafast processes at surfaces 
and interfaces. We are currently establishing 
several collaborations within NCCR MUST 
to push the temporal resolution into the atto-
second domain, to use shaped pulses for the 
preparation of well-defined quantum states, 
and ultimately to build a time-resolved 
structural probe. For this purpose, we are 
building a new mobile photoelectron spec-
trometer, which can be used with the various 
light sources that are available at different 
laboratories within the network.
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